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Phone: ++49(0) 3641-571265, Fax: ++49(0) 3641-571202, E-mail: aburse@ice.mpg.de Iridomyrmex (Cavill et al., 1984) . However, in insects, the iridoid pathway has been 71 characterized in only a few species, and in Iridomyrmex, the pathway is even not yet fully 2013; Snyder and Qi, 2013) . GPP is supposed to be further metabolized by a series of enzymes 89 to generate the shuttling glucoside 8-OH-Ger-Glc.
90
Stable isotope labeling studies indicated the production of shuttling glucoside 8-OH-Ger-Glc 91 in P. cochleariae was likely to proceed as follows (Oldham et al., 1996; Veith et al., 1994) . First, 92 the phosphate group is first removed from GPP by a presumable phosphatase, yielding geraniol 93 (Burse et al., 2007) . Afterwards, an oxidase converts geraniol into the diol 8-hydroxygeraniol (8-
94
OH-geraniol) (Veith et al., 1994) . In the step that follows, a glucosyltransferase catalyzes the 95 addition of a sugar moiety to form the desired shuttling glucoside (Kunert et al., 2013 ). In C.
96
roseus, the hydroxylation from geraniol to 8-OH-geraniol is catalyzed by a cytochrome P450 97 (Collu et al., 2001) . It is hypothesized that the enzymatic system that produces 8-OH-geraniol in 98 juvenile P. cochleariae has similar characteristics as in plants. However, the molecular 99 characteristics of such an enzyme remain elusive. 
102
Using an integrated approach coupling transcriptomic, proteomic and RNAi, herein, we 103 identified a cytochrome P450, CYP6BH5, in juvenile P. cochleariae, which proved to be one of To obtain the full-length ORF, RACE-PCR was conducted with combination of fat body 176 3'RACE ready cDNA and RACE primers ( Carlsbad, CA, USA) and the corresponding primers (Table S3 ). The complete ORF sequence 181 was verified by sequencing.
182
To produce the recombinant protein, CYP6BH5 was sub-cloned into pcDNA™3.1D/V5-His-
183
TOPO and pFastBac Dual expression vectors, respectively, according to the protocol (Thermo
184
Fisher Scientific, Langenselbold, Germany). To facilitate detection of the recombinant proteins,
185
constructs without a stop codon were sub-cloned in parallel into corresponding expression 186 vectors. A C. populi cytochrome P450 reductase (CPR) was cloned and subjected to operations 187 similar to those mentioned above. All primers for sub-cloning can be found in Table S3 . Amersham Hyperfilm ECL X-ray film (GE Healthcare, Boston, USA) was exposed to the PVDF 217 membrane prior to developing the film. Samples were silylated by N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) prior to gas 227 chromatography-mass spectrometry (GC-MS) analysis.
228
To generate products for nuclear magnetic resonance (NMR) analysis, the standard enzyme 229 assay was scaled up to a volume of 500 µl containing 1 mM of substrate (nerol or citronellol).
230
After a first round of incubation with 70 µg microsomes for 1 hour at 30 °C, a second aliquot of 
247
To detect the 8-OH-Ger-Glc, the stored larval hemolymph was extracted with 50 µl Ger-Glc per µg hemolymph was calculated against the internal standard Ger-8-S-Glc.
253
For the detection of 8-OH-geraniol by GC-MS in extracts and enzyme assays, the hydroxyl template was generated for each of these 10 X-ray templates based on alternative sequence 270 alignment to 78 models. The quality of all homology models was evaluated using PROCHECK second md-refinement run was performed. The aglycone 8-OH-geraniol is the first metabolite that links classical terpenoid biosynthesis 287 to dedicated defense metabolism. Although the presence of 8-OH-Ger-Glc in fat body extracts 288 from P. cochleariae has been reported by Burse et al. (2007) , the presence of the corresponding 289 aglycone in the fat body has not been validated. Therefore, the presence of 8-OH-geraniol in this 290 tissue was checked first. As shown in Figure 2 , the production of 8-OH-geraniol in the fat body 291 was confirmed using authentic standards (mass spectra, see Fig. S1 ). Moreover, its glucoside 292 could also be detected in the fat body with HPLC-MS (Fig. S2 ). This observations support the Table S1 ). Since the geraniol 8-hydroxylase was supposed to be a relatively abundant protein in 306 the fat body, the matched peptide numbers of these candidates were also compared (Table S1 ).
307
We selected 12 candidates that had more than 20 detected matched peptides for further analysis.
16
The expression pattern of selected candidates was an additional criterion for identifying the 309 prominent P450 members in P. cochleariae fat body. RT-qPCR was carried out to measure the 310 relative abundance of the selected transcripts from different larval tissues, including the gut,
311
Malpighian tubules, fat body and glands. Since Pc C7558, Pc C7614 and Pc C28218 differed 312 from each other by only 1 or 2 amino acids (Fig. S3) , therefore, Pc C7558 was taken as a
313
representative gene for RT-qPCR analysis. As shown in Figure 4 (Table S2 ), 9 genes were more 314 abundantly expressed in the fat body than in the other tissues, whereas Pc C16689 showed higher 315 expression levels in the gut and Malpighian tubules than in the fat body. Thus, these 9 genes 316 were considered as putative candidates for further RNAi analysis. 
RNAi-based identification of P450(s) involved in iridoid biosynthesis

329
To pinpoint the right candidate for the iridoid biosynthesis, the dsRNA of the 9 genes was 330 synthesized. We ranked and tested the individual candidates according to its transcripts 331 abundance in the fat body, from most to least. Second instar P. cochleariae larvae were used for Table S3 . Pc 348 eIF4a and Pc EF1a were used for normalizing the transcript abundance.
349
The observed decrease of 8-OH-Ger-Glc due to the down-regulation of Pc C7758 was (Fig. S5) .
361
In addition, we examined the knock down effect of Pc C7758 on the larvae's ability to 362 produce defensive secretion and chrysomelidial ( Fig. 5c-d) . As shown in Figure 5c , the 363 chrysomelidial concentration in the glandular secretion increased along with the body weight 364 gain until it rose to the stable level that characterized earlier larval stages. Although, in the Pc
365
C7758 knock down group, the chrysomelidial concentration reached peak level on the fifth day 366 after injection, it decreased steadily and significantly afterwards due to the lack of Pc C7758 367 transcripts. Figure 5d indicated that the larvae tended to maintain a relatively stable level of 368 glandular secretion despite the continual body weight gain during the experimental period.
369
However, the relative level in the Pc C7758 knock down group was always slightly less, and the 370 difference became significant seven days after injection. Based on our results, we concluded that 371 P. cochleariae recruit the cytochrome P450 Pc C7758 for iridoid biosynthesis. According to the 372 P450 nomenclature committee, this sequence is referred to as CYP6BH5. nerol and citronellol by CYP6BH5 was observed. NMR data verified that nerol was converted to 397 8-hydroxynerol (Fig. 6B , mass spectra and NMR data, see Fig. S8 and S10a). Similarly,
398
citronellol was metabolized to 8-hydroxycitronellol (Fig. 6C , mass spectra and NMR data, see Thus, we also test CYP6BH5's activity on naringenin. However, no reaction product was 402 detected compared to the negative or empty control. To reveal the underlying mechanism of CYP6BH5's substrate preference for geraniol (1-ol) 405 over linalool (3-ol), the docking of geraniol to a homology-based 3D-structure of CYP6BH5 was in the middle of the heme center. Therefore, the enzyme will preferentially lead to oxidation of the trans methyl 432 group. Oxygen is red, carbon is green, nitrogen is blue, hydrogen is white and iron is brown.
434
Discussion
435
The cytochrome P450s (P450s) comprise a superfamily of heme-containing 436 monooxygenases that are known to catalyze a broad range of endogenous substrates as well as 437 xenobiotics in all living organisms (Scott, 1999) . The abundance of P450s in insects varies
438
greatly from species to species, although P450s in insects have not undergone the degree of gene 439 duplication seen in higher plants (Schuler, 2011 
511
The elucidation of the involved enzymes in the iridoid biosynthesis pathway in both P. 
